Abstract. I describe a semi-analytical model for the formation and evolution of galaxies in hierarchical clustering models, and its predictions for the properties of the galaxy population at high z. The predictions are found to agree well with the observed properties of the Lyman break galaxies found at z ∼ 3 by Steidel et al. . The models predict that the star formation rate per comoving volume should have peaked at z ∼ 1 − 2, which also agrees well with recent observational data.
Introduction
Recent observations have begun to probe the population of normal galaxies at high redshift. In particular, the technique of using multi-colour surveys of faint galaxies to look for high-z objects with strong Lyman break features has revealed a large population of star-forming galaxies at redshifts z ∼ 3 − 5, based both on ground-based [14] and HST [11] imaging. It is a challenge to theoretical models of galaxy formation to explain the numbers and properties of these young galaxies. I describe here some recent theoretical results on high-z galaxies based on semi-analytical galaxy formation models [3] , which show that the properties of the observed galaxies agree remarkably well with predictions based on hierarchical clustering.
Semi-analytical models
The semi-analytical models are constructed as described in [5] , [3] . There are several steps involved. (1) We start with an assumed comology and initial spectrum of density fluctuations. Dark matter halos form through hierarchical clustering and merging. We describe this by means of merger trees, constructed by a Monte Carlo method, which specify the complete formation and merging histories of present-day halo of different masses. The number density of halos of different masses is given by the Press-Schechter theory. (2) Within each halo, diffuse gas is assumed to be shock-heated to the virial temperature during the collapse of the halo, and then to cool radiatively. We calculate how much gas cools in any halo during its lifetime, defined as the time until its mass has doubled by merging, based on an assumed density profile. The gas which cools settles into a rotationally supported disk, whose radius we calculate based on the initial angular momentum of the gas in the halo, derived from tidal torques. (3) The cold gas forms stars, on a timescale which is assumed to depend on the circular velocity of the galaxy. (4) Supernovae from massive stars reheat some of the gas, ejecting it back into the halo, at a rate which also depends on the circular velocity. This feedback effect strongly suppresses star formation in low mass galaxies. The dependences of the star formation and feedback rates on circular velocity are based on numerical simulations [13] . (5) In major halo mergers, when the halo mass doubles, the remaining gas in the halo is reheated to the new virial temperature. The largest galaxy becomes the new central galaxy, and the galaxies from the other halos become satellite galaxies, which then merge with the central galaxy if their dynamical friction timescales are less than the halo lifetime. In general, not all of the satellites will merge. Mergers between disk galaxies where the mass ratio exceeds a critical value (∼ 0.3) form elliptical galaxies. The elliptical may grow a new disk by gas cooling and become a bulge in a spiral galaxy. (6) We calculate the luminosity evolution of the stellar populations using an updated version of the population synthesis model of Bruzual & Charlot [4] . From these models, we calculate the distributions of galaxy masses, luminosities, colours, sizes, circular velocities, morphologies etc, and how these evolve with redshift.
The adjustable parameters in the model (relating to star formation, feedback and merging) are fixed by comparison with observations of present-day galaxies. Results of the models for zero and low redshifts for various CDMbased cosmologies are given in [5] , [8] , [1] , [2] . The models fit the observed properties of low-z galaxies (luminosity functions, colours, morphologies, number counts) fairly well.
Lyman break galaxies
Steidel et al. [14] discovered a population of normal galaxies at 3 < ∼ z < ∼ 3.5, forming stars at rates ∼ 1 − 10M ⊙ /yr, by measuring U n GR colours for faint galaxies and looking for galaxies with a strong Lyman break feature at this redshift; the redshifts were then confirmed spectroscopically. The number of such galaxies was found to be ≈ 1400deg −2 at R AB < 25. These galaxies presumably represent the progenitors of present-day galaxies soon after they formed, and so reproducing their properties is a crucial test of theoretical models. To perform this test, we have used our semi-analytical models to generate mock catalogues of galaxies covering all redshifts, including the effects of absorption by intervening gas, and then applied the same colour selection as Steidel et al. . We present here results for 2 CDM models, both normalized in σ 8 to match the number density of clusters at z = 0: an Ω = 1 model, with h = 0.5, σ 8 = 0.67, Ω b = 0.06, and an Ω 0 = 0.3, Λ 0 = 0.7 model, with h = 0.6, σ 8 = 0.97, Ω b = 0.04. For a Miller-Scalo IMF, these models predict respectively 900 and 3000deg −2 Lyman break galaxies satisfying the Steidel et al. colour and magnitude selection, similar to the observed value. These values are sensitive to the power spectrum normalization σ 8 , and to the IMF used. However, using a Salpeter IMF gives similar values. The predicted redshift distributions match the observed ones Figure 1 shows some of the properties of Lyman break galaxies predicted for the two CDM models. The stellar masses are predicted to be ∼ 3 × 10 9 − 10 10 h −1 M ⊙ , depending on the cosmology, while the halo masses are predicted to be ∼ 10 12 h −1 M ⊙ in either case. The galaxies are predicted to be in halos with circular velocities V c ∼ 250 − 450km/s, very similar to the rotation velocities inferred observationally for these galaxies from the widths of saturated interstellar absorption lines [14] . The star formation rates are predicted to be
, which follows essentially from the observed R magnitudes and the assumed IMF. We also predict colours (R − K) AB ≈ 0.5 − 1.0, and small sizes, with half-light radii ∼ 0.5h −1 kpc, both of these comparable to the observed values [14] , [7] . The halo masses predicted for these galaxies are fairly large compared to the typical halo at z ∼ 3, and as a consequence, the galaxies are predicted to be quite strongly clustered, with a bias b ≈ 4 and a comoving correlation length r 0 ≈ 4h −1 M pc (see Figure 2 ). This agrees with evidence for strong clustering in the observed redshift distribution found by [15] .
The predicted properties of the star-forming galaxy population at z ∼ 3 are thus in good agreement with what is known observationally. The Lyman break galaxies found by Steidel et al. are predicted to evolve into L ∼ L ⋆ ellipticals and spirals at the present day, and to be found preferentially in large groups and clusters at z = 0.
Cosmic Star Formation History
The global star formation history of the universe is a fundamental quantity in galaxy formation studies. Galaxy formation models based on CDM have typically predicted that most of the stars form fairly late, with a median formation redshift z < 1 according to [9] , [5] . It has recently become possible to estimate the global star formation history out to z < ∼ 5 observationally, using measurements of the Hα and UV luminosity functions of galaxies at different redshifts [6] , [10] , [12] . Significant uncertainties still remain, notably in the form of the IMF, the correction for galaxies below the luminosity limits of the surveys, and in the effects of dust. However, it seems that a consistent picture is emerging. The observations indicate that the star formation rate per comoving volume peaked at z ∼ 1 − 2, and this agrees very well with the predictions of both of our CDM models, as shown in Figure 3 . According to the models, less than 10% of the stars formed at z > 3. Note that the star formation history for Ω = 1 shown here is essentially identical to that predicted in an earlier version of the model by [5] . The predictions for the SFR history are sensitive to the parameters describing SFR and feedback, but these were chosen as in [5] to fit observations of present-day galaxies, without any knowledge of the observational data in Figure 3 . Our model results are therefore real predictions, and the observational comparison represents a real success of the model. Figure 3 : Cosmic star formation history. The 2 panels show the predicted star formation rate per comoving volume vs. redshift for our 2 CDM models, compared to observational data from [6] , [10] , [12] . The observational data have been converted to star formation rates using the same IMF as in the models.
